Castration-resistant prostate cancer remains as an incurable disease. Exploiting DNA damage repair defects via inhibition of poly (ADP-ribose) polymerase (PARP) is becoming an attractive therapeutic option. The TOPARP-A clinical trial demonstrated that the PARP inhibitor olaparib may be an effective strategy for treating prostate cancer. However, several unanswered questions regarding the use of olaparib remain: 1) How do we best stratify patients for olaparib treatment? 2) Where do we place olaparib in the treatment sequence paradigm? 3) Is there cross-resistance between olaparib and currently used therapies? Here, we tested putative cross-resistance between current therapies and olaparib in treatment-resistant castration-resistant prostate cancer models. Docetaxel-resistant cells exhibited robust resistance to olaparib which could be attributed to blunted PARP trapping in response to olaparib treatment. Upregulated ABCB1 mediates cross-resistance between taxanes and olaparib, which can be overcome through decreasing ABCB1 expression or inhibiting ABCB1 using elacridar or enzalutamide. We also show that combining olaparib with enzalutamide is more effective in olaparib-sensitive cells than either single agent. Our results demonstrate that cross-resistance between olaparib and other therapies could blunt response to treatment and highlight the need to develop strategies to maximize olaparib efficacy.
Introduction
Castration-resistant prostate cancer (CRPC) remains an incurable disease responsible for significant morbidity and mortality. Recent efforts have added several therapies to the armamentarium for CRPC including the next-generation antiandrogen therapies, enzalutamide and abiraterone, and the taxanes docetaxel and cabazitaxel [1] [2] [3] [4] . Despite these advances, patients still succumb to the disease, highlighting the urgent need for both novel therapies and research to understand the optimal sequencing of all available options for patients.
Inhibition of poly (ADP-ribose) polymerase (PARP) using small molecule PARP inhibitors (PARPis) is quickly emerging as an efficacious treatment option for CRPC [5] . The PARP family consists of 17 members, each of which possesses ADP-ribose transfer function [6, 7] . Adding chains of ADP-ribose is known as poly ADPribosylation (PARylation). PARylation can alter the functioning of several different substrates and is involved in numerous cellular processes. A key function of PARP is to detect and initiate repair of single-strand DNA breaks [8] . Inhibition of PARP activity leads to increased DNA repair stress and the creation of double-strand breaks which must be repaired by additional mechanisms such as homologous recombination [7] . In the context of cells with mutations or alterations to DNA-repair proteins, loss of PARP activity can lead to synthetic lethality [9, 10] . PARPi treatment is emerging to exploit this synthetic lethality effect in select tumors with defined DNArepair defects such as mutations in BRCA1 and BRCA2. While initial research is promising, further research is needed to fully understand PARPi function in varying contexts as this will improve our ability to treat patients.
Several PARPis are now in clinical development with exciting results in varying cancer indications. Notably, the TOPARP-A study tested the PARPi olaparib in the context of metastatic CRPC [11] . Fifty patients were recruited and treated with olaparib along with extensive genomic testing for biomarkers of DNA-repair deficiency. Of 49 evaluable patients, 16 were documented as having had a response. Of those 16 patients, 14 were determined to have a DNA-repair defect, suggesting that biomarker stratification may highlight a subset of patients who will have a response to PARPis. These results indicate the promise of using PARPis in CRPC clinical practice, but questions still abound regarding their use in this indication. It is noted that 2 of the 16 responders were not determined to be biomarker positive, and it was suggested that some patients considered biomarker positive had only single allele alterations which may not be sufficient to induce functional deficiency [7] . This suggests that further work is needed to fully understand response to these drugs. Also, the patient population recruited for this trial had been heavily pretreated with other approved CRPC treatments [11] . One hundred percent of patients had previously received docetaxel, while varying percentages had also been given abiraterone, enzalutamide, and cabazitaxel. It is currently unknown how prior therapeutic exposure may impact response to PARPis, nor is it understood where best to place PARPis or how best to utilize them in the CRPC clinical treatment paradigm. Our previous work demonstrated select cross-resistance between currently used CRPC treatments [12, 13] . Studies to evaluate putative cross-resistance between these therapies and PARPis are lacking.
Due to the promise of using olaparib in CRPC based on the TOPARP-A trial, olaparib received FDA breakthrough therapy designation, paving the way for a possible approval for this indication. Studies to understand how to use and sequence olaparib with other approved therapies are warranted to allow for maximized clinical efficacy. In this study, we assess the ability of olaparib to treat varying models of treatment resistant CRPC to understand putative crossresistance. We find that taxane resistance induces robust crossresistance to olaparib and that this is mediated by increased ABCB1 expression. Inhibition of ABCB1 resensitizes resistant cells to treatment. We also show that putative olaparib combination therapies may be highly effective in olaparib-resistant and -sensitive tumors.
Materials and Methods

Cell Culture and Reagents
C4-2B cells were kindly provided and authenticated by Dr. Leland Chung (Cedars-Sinai Medical Center, Los Angeles, CA). DU145 cells were obtained from the American Type Culture Collection, which uses short tandem repeat profiling for testing and authentication of cell lines. All cell lines are routinely tested for mycoplasma using ABM mycoplasma PCR detection kit (cat. #G238). All experiments with these cell lines and their derivatives were conducted within 6 months of receipt or resuscitation after cryopreservation. Cells were maintained in RPMI 1640 media supplemented with 10% fetal bovine serum, 100 IU penicillin, and 0.1 mg/ml streptomycin. Enzalutamide-resistant C4-2B cells (C4-2B-MDVR), abirateroneresistant C4-2B cells (C4-2B-AbiR), docetaxel-resistant C4-2B cells (C4-2B-TaxR), and DU145-DTXR cells were characterized and described previously and maintained in complete RPMI 1640 supplemented with 20 μM enzalutamide, 10 μM abiraterone, or 5 nM docetaxel (TaxR and DU145-DTXR), respectively [14] [15] [16] . C4-2B and DU145 parental cells were cultured alongside derivative cell lines during their creation as an appropriate control. TaxR-Control and TaxR-shABCB1 were described previously and maintained in complete RPMI 1640 supplemented with 2 μg/ml puromycin [16] . CabR cells were created through continuous culture of TaxR cells in increasing doses of cabazitaxel over a 3-month period. CabR cells are maintained in complete RPMI 1640 supplemented with 5 nM cabazitaxel. All cells were maintained at 37°C in a humidified incubator with 5% carbon dioxide. Docetaxel (cat. #RS019) was purchased from TSZ CHEM. Enzalutamide (cat. #S1250), olaparib (cat. #S1060), and cabazitaxel (cat. #S3022) were purchased from Selleckchem. Abiraterone Acetate (cat. #X6144) was purchased from AK Scientific, Inc. Elacridar (cat. #143664-11-3) was purchased from Sigma-Aldrich. Puromycin (cat. #BP2956-100) was purchased from ThermoFisher Scientific. Methyl methanesulfonate (MMS; 99%) (cat. #156890050) was purchased from Fisher Scientific.
Cell Growth Assay
Cells were plated at a density of 25,000 cells/well in 24-well plates in complete RPMI 1640 media without any selection agent. After 24 hours, cells were subjected to indicated treatments. All drugs were administered simultaneously in each given assay. Total cells were counted via Coulter counter 72 hours posttreatment. Alternatively, cell proliferation was measured using Cell Counting Kit-8 (cat. #CK04) purchased from Dojindo Laboratories using manufacturer's instructions. Data are displayed as percent of control cell growth − treatment group cell number/control group cell number × 100. All conditions were performed in triplicate. All experiments were performed at least twice.
Colony Formation Assay
Cells were plated at 500 cells/well in 6-well plates in complete RPMI 1640 with no selection agent. Plated cells were subsequently treated 24 hours later as indicated. All drugs were administered simultaneously in each given assay. Colonies formed for 14 days. At the completion of each assay, cell colonies were fixed and stained using the following solution for 20 minutes: 0.05% w/v crystal violet, 1% of 37% formaldehyde, 1% methanol, 1× PBS. After staining, colonies were rinsed, allowed to air dry, and counted. Data are displayed as a percent of control cell colony growth (control is vehicle treatment only). All conditions were performed in duplicate. All experiments were performed at least twice.
Preparation of Whole Cell Lysates and Chromatin-Bound Fraction
Cells were harvested, washed with PBS, and lysed in RIPA buffer supplemented with 0.5 mM EDTA, 1 mM NaV, 10 mM NaF, and 1× Halt Protease Inhibitor Cocktail (cat. #78430) purchased from ThermoFisher Scientific. Protein concentration was determined with Pierce Coomassie Plus (Bradford) Assay Kit (cat. #23236) purchased from ThermoFisher Scientific. Chromatin-bound protein fractions were isolated using the Subcellular Protein Fractionation Kit for Cultured Cells (cat. #78840) purchased from ThermoFisher Scientific and used according to manufacturer's protocol.
Western Blot
Protein extracts were resolved by SDS-PAGE, and indicated primary antibodies were used. For PAR analysis, cells were first treated with indicated doses of olaparib for 30 minutes prior to harvest. For PARP trapping analysis, cells were first treated with 0.01% MMS and indicated doses of olaparib for 4 hours prior to harvest. Antibodies used were as follows: ABCB1 antibody (SC-8313, rabbit-polyclonal, 1:500 dilution) was purchased from Santa Cruz Biotechnology; PARP antibody (CS-9532S, rabbit-monoclonal antibody, 1:1000 dilution) was purchased from Cell Signaling Technology; PAR antibody (4335-MC-100, mousemonoclonal antibody, 1:1000 dilution) was purchased from Trevigen; Tubulin antibody (T5168, mouse monoclonal antibody, 1:6000 dilution) was purchased from Sigma-Aldrich; GAPDH antibody (MAB374, mouse monoclonal antibody, 1:10000) was purchased from EMD Millipore; and Histone-H3 antibody (cat. #39163) was purchased from Active Motif. Tubulin and Histone-H3 were used to monitor the amounts of samples applied. Proteins were visualized with a chemiluminescence detection system (cat. #WBLUR0500) purchased from Millipore. Densitometry to quantify blots was performed using ImageJ.
Statistics
All quantitated data are displayed as percent of control mean ± standard deviation. Significance was assessed using a two-tailed, twosample, equal-variance Student's t test. A P value of ≤ .05 was accepted as significant.
Results
Olaparib Efficacy Is Blunted in Models of Treatment-Resistant CRPC
While recent clinical work has shown the potential utility of using olaparib to treat advanced CRPC, it is not known where in the treatment sequence this drug should be used, nor has it been determined how previous exposure to different drugs will affect its efficacy [11] . We hypothesized that cross-resistance may exist between olaparib and currently approved CRPC treatments. We have created and characterized several models of CRPC therapeutic resistance using C4-2B as a parental cell line: enzalutamide-resistant C4-2B-MDVR cells (MDVR), abiraterone-resistant C4-2B-AbiR cells (AbiR), and docetaxel-resistant C4-2B-TaxR cells (TaxR) [14] [15] [16] . Using these models, we tested response to olaparib in the context of therapeutic resistance.
Cell growth assays and determination of IC 50 s demonstrate differential olaparib responses in varying resistant models versus parental C4-2B cells ( Figure 1A ). While AbiR cells remain relatively sensitive to olaparib, MDVR cells do exhibit moderate crossresistance to the treatment. In contrast, TaxR cells exhibit robust insensitivity to olaparib treatment, prompting additional study. To further test TaxR cross-resistance to olaparib, we used colony formation assays ( Figure 1B ). While olaparib markedly reduced colony-forming ability in C4-2B cells, this effect was largely blunted in TaxR cells. These data suggest that prior exposure to docetaxel may greatly retard responses to subsequent treatment with olaparib.
Olaparib PARP Trapping Is Blunted in Docetaxel-Resistant CRPC Cells PARP inhibitors such as olaparib are known to exert their effects in two ways: 1) inhibition of PARP catalytic function and 2) trapping of PARP on chromatin leading to DNA damage and apoptosis [17, 18] . To better understand olaparib cross-resistance in TaxR cells, we first tested whether olaparib's inhibition of PARP catalytic activity was altered using Western blots for PAR to assess the relative level of inhibited PARylation (Figure 2A ). C4-2B and TaxR cells were treated with indicated doses of olaparib for 30 minutes prior to harvest, and then whole cell lysates were subjected to Western blot for PAR. Quantification of the blots is also shown. Interestingly, we found a similar decrease in PAR levels in response to treatment with increasing doses of olaparib, suggesting no significant difference in olaparib's ability to inhibit PARP catalytic activity at these doses in TaxR cells versus parental C4-2B cells. To assess whether the levels of trapped PARP were altered, we treated C4-2B and TaxR cells with 0.01% MMS to recruit PARP to damaged DNA and subjected each cell line to increasing doses of olaparib to trap PARP at sites of damage [18] . After 4 hours of treatment, we isolated the chromatin-bound cellular fractions and performed Western blots for PARP ( Figure 2B ). We found that in olaparib-sensitive C4-2B cells, treatment with increasing olaparib concentrations led to increased trapped PARP. However, in TaxR cells, trapped PARP levels were unchanged. These data suggest that olaparib's ability to lock PARP onto DNA is blunted in docetaxel-resistant prostate cancer, and this may be responsible for cross-resistance between these therapies.
ABCB1 Mediates Robust Resistance to Olaparib
Our data suggest that prior exposure to taxane chemotherapy induces cross-resistance to olaparib. We've shown previously that taxane-resistant TaxR cells become cross-resistant to both docetaxel and cabazitaxel through increased levels of ABCB1 compared to control C4-2B cells [13, 16] . We hypothesize that ABCB1-mediated taxane cross-resistance may additionally induce resistance to olaparib in CRPC cells. Western blot for ABCB1 confirms our previous data showing TaxR cells have increased ABCB1 expression ( Figure 3A) . Whether ABCB1 confers resistance to olaparib in CRPC is unknown.
To test the role of ABCB1 in mediating cross-resistance to olaparib, we first used two additional models: 1) a DU145-derived docetaxel-resistant cell line, DU145-DTXR, which we've previously demonstrated also possesses augmented ABCB1 levels versus parental DU145 cells, and 2) a novel cabazitaxel-resistant cell line, CabR, derived from docetaxelresistant TaxR cells (Supplemental Figure 1) [13, 16] . Western blots confirm increased ABCB1 expression in DU145-DTXR cells versus control cells and also show that CabR cells further increase ABCB1 expression compared to TaxR cells (Figure 3 , B-C). Similar to TaxR cells, cell growth assays demonstrate that DU145-DTXR cells exhibit decreased sensitivity to olaparib versus control cells ( Figure 3B ). We also found very little response to olaparib in CabR cells ( Figure 3C ). These data suggest that overexpression of ABCB1 is associated with resistance to olaparib in CRPC. We previously demonstrated that constitutive inhibition of ABCB1 in TaxR cells using a shRNA targeting ABCB1 (TaxRshABCB1 cells) resensitizes taxane-resistant cells to both docetaxel and cabazitaxel [13, 16] . To test the role of ABCB1 in mediating cross-resistance to olaparib, we assessed response to olaparib treatment using the same TaxR-shABCB1 cells ( Figure 4A ). Western blot confirms decreased ABCB1 expression in TaxR-shABCB1 versus shGFP expressing TaxR-control cells. Cell growth assays demonstrate that decreased ABCB1 expression leads to increased sensitivity to olaparib. These data taken together suggest that increased ABCB1 expression can induce resistance to olaparib in CRPC.
Pharmacologic Inhibition of ABCB1 Activity Resensitizes Taxane-Resistant Cells to Olaparib Treatment
We've demonstrated that increased ABCB1 expression can mediate olaparib cross-resistance in taxane-resistant CRPC cells. Inhibition of ABCB1 using small molecule drugs could provide novel treatment strategies capable of rendering resistant tumors sensitive to olaparib treatment. To test this idea, we used elacridar, a small molecule inhibitor of ABCB1. We've previously shown that elacridar inhibits ABCB1 ATPase activity and greatly diminishes ABCB1 function leading to enhanced sensitivity to taxanes [13, 16, 19] . Cell growth assays demonstrate that combination of elacridar with olaparib is synergistic and resensitizes TaxR cells to olaparib treatment ( Figure 4B ). Colony formation assays further demonstrate that elacridar is highly efficacious in combination with olaparib ( Figure 4C ). We also show that elacridar can resensitize both DU145-DTXR and CabR cells to olaparib treatment ( Figure 5, A and B) . These data suggest that small molecule ABCB1 inhibition could be a viable strategy in combination with olaparib in the setting of ABCB1 mediated taxane resistance.
Interestingly, we've previously shown that the antiandrogens bicalutamide and enzalutamide possess secondary function as inhibitors of ABCB1 ATPase activity [19] . Both are capable of decreasing ABCB1 function and resensitizing taxane-resistant cells to taxane treatment [13, 19] . As enzalutamide is currently preferred to treat taxane-resistant CRPC, we sought to test whether treatment with enzalutamide can resensitize taxane-resistant cells to olaparib [20] . Cell growth assays demonstrate that combination treatment with enzalutamide and olaparib is more effective in reducing viability than either treatment alone in both TaxR and CabR cells ( Figure 6, A  and B) . These data suggest that combining olaparib with a current CRPC standard-of-care drug in enzalutamide may be more beneficial than a single agent in the context of taxane resistance.
Olaparib Combined with Enzalutamide Is More Effective than Single-Agent Treatment in Olaparib-Sensitive C4-2B Cells Lastly, we sought to explore the putative combination therapy of enzalutamide and olaparib in the nonresistant setting. It is hypothesized that next-generation antiandrogens, such as enzalutamide, may produce better responses in combination with PARP inhibitors earlier in CRPC disease progression before the development of resistance. Cell growth assays demonstrate that combination of enzalutamide with olaparib significantly reduces C4-2B cell viability versus either single agent treatment ( Figure 6C ). Thus, novel combination treatments may provide significant benefit to patients earlier in their disease progression prior to the development of therapeutic resistance.
Discussion
In the present study, we test the efficacy of the PARPi olaparib in models of treatment-resistant CRPC. We find that docetaxel-resistant TaxR cells display robust cross-resistance to olaparib versus parental C4-2B cells. In contrast, AbiR cells remain sensitive to treatment, while MDVR cells are moderately cross-resistant to olaparib. These results suggest that PARPi efficacy may be altered by previous lines of therapy, thus raising the need for further study into rational treatment sequencing and the creation of combination therapies.
As TaxR cells demonstrated the most striking insensitivity to olaparib, we further explored the mechanism by which cross-resistance exists. Our data support the role of ABCB1 as a significant factor in determining sensitivity to olaparib. We show that two disparate docetaxel-resistant models, TaxR and DU145-DTXR, display augmented levels of ABCB1 and have a poor response to olaparib, which can be overcome by inhibition of ABCB1 expression or function via elacridar or enzalutamide. These data suggest that patients who have developed ABCB1-mediated resistance to taxanes, which are commonly used for the treatment of CRPC, may fare poorly on subsequent olaparib treatment. We also show that a model of cabazitaxel-resistant CRPC in the postdocetaxel setting further augments ABCB1 levels and is highly resistant to olaparib, which can be overcome using pharmacologic ABCB1 inhibition. Thus, even in advanced taxane resistance, blocking ABCB1 activity could be an effective therapeutic strategy. Previous reports have shown that olaparib resistance can be developed through ABCB1 overexpression in breast and ovarian cancers, which could be reversed using ABCB1 inhibitors [21, 22] . These data support our study suggesting ABCB1 inhibition strategies could be beneficial for resistant tumors.
We've previously shown that the antiandrogen drug enzalutamide has a secondary function as an inhibitor of ABCB1 activity [19] . In this study, we show that combination of olaparib with enzalutamide is highly effective over single-agent treatment in taxane-resistant cells, presumably through inhibition of ABCB1 and resensitization to olaparib. As enzalutamide is already approved to treat docetaxelresistant prostate cancer, our study suggests that combination therapy may be preferred over single-agent treatment [23] . We also show that enzalutamide in combination with olaparib is more effective than either single agent in olaparib-sensitive C4-2B cells. A previous study demonstrated that enzalutamide could reduce the expression of several genes involved in DNA repair and homologous recombination, thus inducing a more sensitive phenotype which provides a rationale for this combination [24] . It has also been demonstrated that PARP promotes AR signaling, which is thought to be mediated by aiding AR access to the chromatin [25] . Thus, inhibition of PARP with a PARPi drug and the addition of an antiandrogen may synergize to inhibit AR signaling and prostate cancer growth and survival. The combination of a PARPi with a taxane has also been shown to work better than single-agent treatment in treatment-naive CRPC [25] . These data taken together suggest that combination therapies of currently used agents with novel PARPis may be more efficacious upfront prior to exposure to any other single treatment.
We've previously provided evidence for cross-resistance between currently available treatments for CRPC [12, 13] . Here, we tested for the potential for cross-resistance between olaparib and these therapies. As PARPis advance through clinical trials toward approval for prostate cancer, our data have important and timely clinical implications. Olaparib has now received FDA breakthrough therapy designation based on results of the TOPARP-A trial. However, it should be noted that the participants of the TOPARP-A trial were heavily pretreated [11] . Interestingly, 100% of the participants of the trial had previously been given docetaxel, 96% had been given abiraterone, 58% had been given cabazitaxel, and 28% had received enzalutamide. While it appears abiraterone has a minimal effect on olaparib treatment, our findings suggest that previous therapeutic exposure to taxanes and enzalutamide may have precluded some patients from responding to olaparib or may have blunted their response. It will be important to conduct further research and clinical trials to understand the optimal sequencing of all available treatments as, currently, olaparib is being studied for those patients who have already had docetaxel and either enzalutamide or abiraterone. In addition to olaparib, rucaparib has also recently received the FDA breakthrough therapy designation based on results of the TRITON2 trial. However, the patient indication is the same regarding previous therapy exposure. Further study of PARPi resistance mechanisms will further our understanding of how best to use these drugs.
In conclusion, our study shows that meaningful cross-resistance may exist between olaparib and currently administered drugs for CRPC. We specifically focus on robust cross-resistance between olaparib and taxanes and show that olaparib resistance may be mediated by increased ABCB1 expression, which can be overcome through inhibition of ABCB1 expression or function. Future research into the PARP family and PARPi function will bring key advances in the field of prostate cancer treatment.
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